In the present work we bridge neutron scattering and calorimetry in the study of a low-hydration sample of a 15-residue hybrid peptide from cecropin and mellitin CA(1-7)M(2-9) of proven antimicrobial activity.
Hydration water and peptide dynamics -two sides of a coin. A neutron scattering and adiabatic calorimetry study at low hydration and cryogenic temperatures In the present work we bridge neutron scattering and calorimetry in the study of a low-hydration sample of a 15-residue hybrid peptide from cecropin and mellitin CA(1-7)M(2-9) of proven antimicrobial activity.
Quasielastic and low-frequency inelastic neutron spectra were measured at defined hydration levelsa nominally 'dry' sample (specific residual hydration h = 0.060 g/g), a H 2 O-hydrated (h = 0.49) and a D 2 Ohydrated one (h = 0.51). Averaged mean square proton mobilities were derived over a large temperature range (50-300 K) and the vibrational density of states (VDOS) were evaluated for the hydrated samples.
The heat capacity of the H 2 O-hydrated CA(1-7)M(2-9) peptide was measured by adiabatic calorimetry in the temperature range 5-300 K, for different hydration levels. The glass transition and water crystallization temperatures were derived in each case. The existence of different types of water was inferred and their amounts calculated. The heat capacities as obtained from direct calorimetric measurements were compared
to the values derived from the neutron spectroscopy by way of integrating appropriately normalized VDOS functions. While there is remarkable agreement with respect to both temperature dependence and glass transition temperatures, the results also show that the VDOS derived part represents only a fraction of the total heat capacity obtained from calorimetry. Finally our results indicate that both hydration water and the peptide are involved in the experimentally observed transitions.
Introduction
It is widely accepted that water plays a fundamental role in biological systems. Nevertheless, many aspects regarding its particular structure near the surface and inside biological macromolecules as well as its link to biological function are still under discussion. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Proteins are known to have a ''limiting hydration'' necessary for function, and thus there must exist a link between hydration and protein functional properties. Since Sturtevant's seminal paper 18 on the sources of heat capacity and entropy changes in proteins, the molecular dynamics of many processes involving proteins and peptides have become amenable to detailed study by experimental techniques and also by simulation. Neutron scattering techniques are highly informative here because of the close Fourier-transform relation of neutron spectra to basic space-time correlation functions obtained from molecular dynamics (MD) simulations. 19 Biophysical studies using energy-resolving neutron techniques have largely been concerned with the evolution of the 'energy landscape' of slightly D 2 O-hydrated biomolecules by way of measuring hu 2 i as a function of temperature T between B30 and 300 K. [20] [21] [22] [23] [24] Thus studies are available on water at or near biomolecular surfaces, 1, 2, 9, 12, 14, 16, 17, [25] [26] [27] [28] [29] the coupling between the hydration shell and interior modes, 14 and the effect of cosolvents, 5 and complementing 1 H NMR (Nuclear Magnetic Resonance) and MD simulations, in the study of the mechanisms of biopolymerwater interactions in hydrated powders, peptides, proteins, and DNA fibers (see e.g. ref. 1, 2, 5, 14, 17, 20 and 30-33) .
Calorimetry has been widely used to study biomacromolecules, like proteins, enzymes or DNA. Most studies are performed in solution, mostly by Differential Scanning Calorimetry (DSC) or Isothermal Titration Calorimetry (ITC). DSC encompasses stability studies, providing the thermodynamic parameters characterizing the denaturation process -T m , DH m (cal) and DH m (van't Hoff) and DC p are extracted. 3, 4, 10, [34] [35] [36] [37] ITC is used in ligand-binding experiments and the thermodynamic parameters for the interaction are derived (K and DH, and if experiments are made at different temperatures also DC p ). 6, [38] [39] [40] [41] [42] [43] [44] [45] To a much smaller extent, calorimetric measurements on proteins or DNA at low hydration have also been performed. 7, 8, [46] [47] [48] The water molecules that make up the hydration shell in the immediate vicinity of the surface of a protein or DNA are particularly relevant to their function, as well as in protein-DNA interactions. Therefore, this type of determination provides extremely useful information. One of the reasons for the scarce amount of experimental heat capacity data down to very low temperatures is the very limited number of high sensitivity low-temperature adiabatic calorimeters around the world that can handle small amounts of sample with low conductivity (such as the biomacromolecules), in contrast to common samples in material science studies using low-temperature calorimetry. Attempts to bridge results from different techniques are not abundant, and yet are fundamental for a full understanding of the studied phenomena since different techniques sample different time and space scales. Previously, some of us conducted a study where neutron scattering and earlier calorimetric results were compared so as to ascertain the amount and dynamics of ''unfreezable water''. The potential of inelastic neutron scattering for deducing thermodynamic properties of biopolymers by way of integrating low-frequency spectra and extracting their vibrational density of states (VDOS) was recognized more than 40 years ago. 53 Boutin and Whittemore 54 measured neutron spectra for polycrystalline samples of polyglutamic acid in the 30 to 600 cm À1 region and derived approximate values for the thermodynamic quantities characterizing the helix to random-coil transition which agreed reasonably well with other data. Nevertheless, very few attempts have been made to quantify the vibrational density of states (VDOS) of biomolecules with the aim of understanding their calorimetric and kinetic properties at the molecular level. The present work contributes to this bridging effort, presenting and discussing results from a first combined neutron scattering and calorimetric study of the low-temperature dynamics of an antimicrobial oligopeptide. Antimicrobial peptides (AMPs) are a promising new antibiotics paradigm. One particularly successful approach is based on hybrid sequences derived from naturally occurring a-helical AMPs, of which cecropin A (CA) and melittin (M) provided the first examples of AMP sequence hybridization. The hybrids share the cationic N-terminus of cecropin A followed by the hydrophobic N-terminus of melittin. One particularly successful member of this family is CA(1-7)M(2-9), which we have been studying by a variety of biophysical methods. 55, 56 The peptide has a random structure in aqueous solution, and acquires an a-helix secondary structure in the presence of membranes.
Thus (i) the temperature dependence of proton mobilities (averaged mean square proton mobilities), hu 2 i, of three peptide samples were calculated -a nominally dry peptide (residual specific hydration h = 0.060 g/g), an H 2 O-hydrated one (h = 0.49) and a D 2 O-hydrated one (h = 0.51); and (ii) the trends of C p values calculated from the neutron derived VDOS functions for both H 2 O and D 2 O hydrated samples were compared with the heat capacity (C p ) data obtained by adiabatic low temperature heat capacity calorimetry, in a large temperature range. The isotopic effect used here in INS/QENS is a unique way to disentangle the contributions of the hydration water and of the polypeptide itself to the C p as measured by adiabatic calorimetry. It should nevertheless be noted that the times-scale probes by QENS and calorimetry are different. While calorimetry integrates the contributions of all the dynamical modes up to hundreds of seconds, it should be noted that in inelastic neutron scattering, this integration is performed on a much shorter time-scale. The cut-off at long times is controlled by the energy resolution of the spectrometer. In our case, the integration is performed up to few tens of ps.
Experimental section

Peptide synthesis
CA(1-7)M(2-9) is a hybrid peptide comprising the first 7 amino acid residues from cecropin A and the first 8 from melittin with sequence H-KWKLFKK-IGAVLKVL-NH 2 . A large sample of the peptide (350 mg) was synthesized as a C-terminal carboxamide by Fmoc/tBu solid phase strategies, and purified and characterized by methods as those described in Gomes et al. 57 Fmoc-protected amino acids, coupling reagents and resins for solid-phase peptide synthesis were purchased from Nova Biochem (Switzerland). All other reagents were from Sigma-Aldrich Co. LLC (St Louis, MO).
Sample preparation
2.2.1. For neutron scattering experiments. The residual, structurally essential water content of the nominally dry sample was h = 0.060 (g H 2 O/g CA(1-7)M(2-9)) as measured by coulometry (Karl Fischer coulometer, 737 KF Metrohm). A total of 137 mg of this sample was spread out over a flat rectangular aluminum cell (22 Â 35 mm) and tightly sealed. A peptide sample from the same batch was thereafter H 2 O-hydrated by exposing it to a high relative humidity (RH) atmosphere, over a saturated solution of K 2 SO 4 in H 2 O at 5 1C (RH 98.5% at 5 1C). It was weighed daily, until it reached a specific hydration of h = 0.49 (which includes the h = 0.060 residual water content of the nominally dry sample). This sample, of total weight 548 mg, was loaded into an identical aluminum cell and sealed in the same way. A D 2 O-hydrated C7M9 sample was prepared by dissolving the previous sample in D 2 O and lyophilizing it. This was repeated twice, followed by KF titration to determine the final for the D 2 O-exchanged nominally dry sample. In a procedure similar to that used for H 2 O hydration, this sample was then rehydrated over D 2 O up to a level of h = 0.51, determined by weighing. A total of 324 mg of this sample was loaded into a cell and sealed as described above.
Peptides scatter neutrons coherently as well as incoherently, and both components yield structural and dynamical information in the form of dynamic structure factors S coh (Q,o) and S inc (Q,o) which relate closely to fundamental space-time correlation functions. 58 The From the hydrogenous, nominally dry sample, with an initial water content of h = 0.060 as above, a fully hydrated sample with h = 4.51 (g H 2 O/g CA(1-7)M(2-9)) was prepared by adding degassed milli-Q water and keeping it at room temperature for about one week to attain equilibrium. From this sample, the h = 0.49 and h = 0.14 samples were obtained by drying in a dry helium atmosphere. Each sample was kept thereafter at room temperature for several days, prior to the heat capacity determination. The water contents of the hydrated samples were calculated from the mass difference relative to the nominally dry sample.
Neutron scattering experiments
2.3.1. Data collection. Neutron scattering experiments were performed at Laboratoire Léon Brillouin (Saclay, France) using a time-of-flight (TOF) spectrometer (MIBEMOL).
In order to maximize the flux on the sample, MIBEMOL has been used in a low resolution mode, with an incident wavelength of 5 Å, resulting in a triangular resolution function with full width at half maximum (FWHM) or R = 195 meV at o = 0. The flat rectangular cell was placed at an angle of 42.51 (hydrated sample) and 48.81 (dry sample) to the incident neutron beam and the scattered neutrons were detected at angles from 23.51 to 141.81, corresponding to a range of accessible values of the elastic momentum exchange.
For the H 2 O hydrated sample, two types of measurements were performed: (a) pure inelastic measurement: sampling times of 6-10 hours were used at 8 temperature points between 99 and 271 K; (b) the so-called elastic scan: a continuous 8-hour scan during which spectra were taken every 7 minutes. For the nominally dry sample we performed experiments with sampling times of 1-4 hours each, at about the same temperatures as those used for the long runs of the hydrated sample. For the D 2 O hydrated sample, sampling times of 8-11 hours were used at 24 temperature points between 50 and 290 K.
The detector efficiency was determined by running the spectra of a vanadium sample having the same geometry of the sample. The spectrum of the empty container was also recorded, and used to correct all experiments.
2.3.2. Data analysis. QENSH, 59 the standard data analysis software of MIBEMOL, was used to correct the data, to normalise them with respect to monitor counts and vanadium run and to analyse them as described below. Neither multiple-scattering nor multi-phonon corrections were applied since their effect on integral properties of the spectra was considered negligible and detailed lineshape analyses were not required in the present context. Since for H 2 O and D 2 O hydrated biomolecules the scattering is incoherent to a good approximation, the window-integrated (range À2R o ho o 2R) elastic intensity, S qe (Q,T), is essentially proportional to a proton-weighted Debye-Waller factor in regions where the dynamic behavior is adequately described by a system of harmonic or quasi-harmonic oscillators. The average mean square proton mobility hu 2 i, can thus be derived from the slope of ln S qe (Q,T) vs. Q 2 for the three studied samples in the studied temperature range. The inelastic part of the scattering spectra gives access to thermodynamic quantities via the vibrational density of states, g(o) or VDOS, as they may be used to evaluate the heat capacity, C p , for comparison with the obtained calorimetric data. Therefore the vibrational density of states (VDOS) were extracted from the obtained spectra and the corresponding heat capacity values obtained according to the formalism described below. 
According to Klug et al. 61 the vibrational heat capacity can be accurately estimated below 100 K from the inelastic neutron spectra (INS) using the harmonic oscillator model
where C v is the isochoric molar heat capacity, R is the gas constant, h is Planck's constant, o is the phonon frequency, k is Boltzmann's constant and g(o) is the vibrational density of states (VDOS).
The anharmonic part of the specific heat associated with the thermal expansion C p À C v = TVa 2 /k T (where V is the molecular volume, a is the volume thermal expansion, and k T is the isothermal compressibility) is estimated to be negligible (0.025 J mol À1 K À1 ) at 100 K, 62 and thus the isobaric heat C p capacity is virtually indistinguishable from the isochoric specific heat C v . Above 100 K, the vibrational heat capacity of ice becomes noticeably anharmonic 61 and deviations of calculated heat capacity from the experimental values are expected. The theory is exact for simple crystals and valid to a good approximation for amorphous systems with dominant incoherent scattering. In biomolecules, on average, every second atom is a proton and their roughly homogeneous distribution reflects the collective dynamics. Also as the neutron proton is a nuclear interaction, no selection rule applies, so that g(o) can be considered as a genuine VDOS. The ho region over which this is reasonable depends on various factors (residual contribution of coherent scattering, Q-range, degree of multi-phonon scattering) but in general extends to 40-50 meV. For fundamental reasons, specific heats derived from g(o;T) (via multiplication by the quantal heat capacity per mode and o-integration) cannot be expected to be equal to thermodynamically determined C p values, but the T-dependence should be nearly the same and should sensitively reflect changes in the proton vs. heavy atom energetics.
Adiabatic calorimetry experiments
Heat capacity measurements were carried out in a laboratorymade adiabatic calorimeter for small samples 63 in the temperature region of 5-300 K. The sample masses used for the measurements were 0.77388, 0.20879, 0.15958, and 0.14881 g for the samples with h = 4.51, 0.49, 0.14, and 0.060 (mass of water/mass of peptide), respectively. Buoyancy correction was made to all the sample masses. Each sample was set into a 1.1 cm 3 gold-plated copper cell and sealed with an indium wire in atmospheric helium gas to promote thermal equilibration in the cell. Thermometry was performed with a rhodium-iron alloy 
Results
Neutron scattering
The quality of the spectra obtained at LLB with MIBEMOL for the long runs is such that small INS differences down to a few usually correlated with the so called dynamic transition, reflecting the increase in internal rotation and translation dynamics. 9, 12, 13, 23, 24, 28, 32 The hu 2 i values for a nominally dry sample ( Fig. 1, inset) shows linear temperature dependence up to about 240 K, and a deviation from linearity above this temperature. Nevertheless, a plot of the summed elastic intensity vs. temperature indicates the possibility of a change in the slope of the temperature dependence around 150 K (results now shown). We should remember that we called it ''nominally dry'' because the usually called dry protein samples always have some structural water. In our case, we know that our sample has h = 0.060 (g H 2 O/g CA(1-7)M(2-9)). Thus, this water can provide the necessary plasticity for peptide chain movements to be facilitated at low temperature. In the case of the H 2 O hydrated sample, we are observing a mixture of protein and water dynamics (Fig. 2) Fig. 3 , plotted as a function of temperature. The values are in arbitrary units, and normalized to the total mass (peptide + H 2 O or D 2 O) of respective samples. The obtained C p values for both samples clearly show 3 temperature dependence regimes -a linear trend for the low temperatures, followed by a jump to higher values at about 185 K, keeping the growth at about the same pace up to about 250 K, and finally a steeper increase for T > 250 K. Indeed the values for the H 2 O hydrated sample are higher, due to the larger incoherent contribution (see Table 2 ), but the same trend as a function of temperature is apparent in both samples.
Adiabatic calorimetry
3.2.1. Heat capacity. Heat capacities C p (per mole of CA(1-7)M(2-9)) and spontaneous temperature drift rates of all the samples are plotted against temperature T in Fig. 4 and 5, respectively. All samples were first cooled from room temperature to 6 K at a rate of ca. 1 K min À1 . We designate these samples as ''normally cooled'' samples. The normally cooled samples with water contents h = 4.51 and 0.49 exhibited broad heat capacity jumps at temperatures below 200 K, where changes from exothermic to endothermic temperature drift rates were observed. This behavior is characteristic of a glass transition. 64 Between 200 and 250 K, the temperature of the samples kept under adiabatic conditions increased spontaneously during the measurements. This exothermic effect is caused by crystallization of part of the water present in the samples. Further, fusion of ice was observed at temperatures T fus = 272.5 and 265.0 K for the h = 4.51 and 0.49 samples, respectively ( Fig. 4 and 5 ). These samples were next kept under adiabatic conditions, i.e., ''annealed'' around 230 K for about one day until the spontaneous exothermic effect disappeared. The results for the annealed samples are also shown in Fig. 4 and 5. Similar but less pronounced glass transitions were found around the same temperatures as the ones observed in the normally cooled samples.
The normally cooled sample with h = 0.14 also presents a broad glass transition around 220 K, but it did not show the exothermic effect that was observed in the samples with higher hydration levels, which we assigned to crystallization of water and fusion of ice. The nominally dry sample (h = 0.060) did not show any of these thermal events in the present temperature range (and within the instrument sensitivity).
Fusion of water.
The enthalpies of fusion of water in the hydrated annealed samples were calculated as explained below, and expressed per mole of CA(1-7)M(2-9). For the sample with h = 4.51, a straight line and a secondorder curve were fitted to the C p data between 214 and 227 K and between 274 and 302 K, respectively. For the sample with h = 0.49, two straight lines were fitted to the C p data between 214 and 221 K and between 270 and 300 K, respectively. The baseline heat capacities were determined by extrapolating the lower fitted function up to and the upper fitted function down to the melting points of ice (272.5 and 265.0 K, respectively, for each of the samples). The enthalpies of fusion were calculated by subtracting the contribution of the base line heat capacity from the total enthalpy change.
From the evaluated experimental enthalpies of fusion, the amount of frozen water was estimated by use of the literature enthalpy of fusion of pure water at 0 1C, 65 D fus H = 6.0068 kJ mol À1 , assuming that this water is ''free water'' and therefore the energy involved in fusion can be calculated from the enthalpy of fusion of pure water. The amount of unfrozen water was thereafter obtained by subtracting the amount of frozen water from the total water present in the sample. The enthalpies of fusion of hydration water (expressed per mole of CA(1-7)M(2-9)) are presented in Table 2 for the sample with hydrations h = 4.51 and 0.49 together with the number of moles of frozen and unfrozen water per mole of peptide for all hydrated samples. These results reveal that there are at least two types of water in the hydrated samples: freezable water (free water) and unfreezable water (bound water). Further, based on our results we can also say that in the h = 4.51 and 0.49 samples there are two kinds of free water: rapidly freezable water and slowly freezable water, as inferred from the appearance of an exothermic effect which we assigned to freezing of a part of the hydration water in the normally cooled samples above the glass transition temperature. This effect may be called ''annealing-induced'' crystallization, and will result in a smaller enthalpy of fusion for an experiment performed with a high heating rate.
In summary we can say that the peptide retains an amount of bound (unfreezable) water up to about 27 mol H 2 O per mole of CA(1-7)M(2-9) (or about 0.25 g H 2 O/g CA(1-7)M(2-9)). This value is in the lower end of the range of limiting hydration values commonly found for proteins, 0.3-0.5 g H 2 O/g of protein.
66 Table 2 Experimental enthalpy of fusion of hydration water (expressed per mole of CA(1-7)M(2-9), here stated as CM15) and calculated amounts of ''free'' (frozen) and ''bound'' (unfrozen) water (also expressed per mole of CA (1-7)M(2-9), CM15) View Article Online 3.2.3. Glass transition. All hydrated samples (except the nominally nominally dry sample, h = 0.060) exhibited broad glass transitions. In order to examine this glassy behavior in more detail, the obtained heat capacities (C p ) were differentiated with respect to T by the moving-average method. The temperature derivatives of the heat capacities dC p /dT for all studied samples are shown in Fig. 6 .
Glass transition temperatures are more commonly determined as the temperature where an exothermic temperature drift turns to an endothermic one, because a heat capacity jump is observed around that temperature. 64 In the present work, however, we could not detect a glass transition temperature in this way because the change from exothermic temperature drift to endothermic one was smeared. In particular for the h = 0.14 sample, no temperature drift rate characteristic of a glass transition was observed (see Fig. 5 ). Therefore the glass transition temperatures were taken as the inflection points in C p vs. temperature curves, i.e., as the maxima of dC p /dT around the glass transition region (as indicated in Fig. 6 ). The derived glass transition temperatures are 187 and 191 K for the normally cooled and annealed samples, respectively, with h = 4.51, 184 and 189 K for the normally cooled and annealed samples, respectively, with h = 0.49 and finally 224 K for the sample with h = 0.14.
As seen from Fig. 6 , for the samples with h = 4.51 and 0.49 the magnitudes of the differential values dC p /dT around the glass transition region are somewhat larger for the normally cooled samples than for the annealed ones. This reflects a larger increment of the heat capacity for the normally cooled samples as compared to the annealed ones in the glass transition region. The observed difference indicates that the glass transition is closely related to the water included in the samples -the normally cooled samples gave rise to crystallization of a part of their supercooled water at temperatures above the glass transition temperature and the C p anomalies due to the glass transitions became smaller when a smaller fraction of the hydrated water was frozen on annealing.
Comparison of the C p values derived from adiabatic calorimetry and neutron scattering
The C p values derived from the VDOS (Fig. 3) show a temperature dependence that is similar to those obtained from adiabatic calorimetry (Fig. 4) for the sample with a similar hydration level (h = 0.49). Therefore in order to enable a closer comparison, we did scale the neutron C p values (in arbitrary units in Fig. 3 ) in order to allow a simultaneous plot with the calorimetric ones. The two sets of heat capacity data are plotted in Fig. 7 as a function of temperature.
Discussion
By calorimetry it is not possible to discriminate if the transitions observed are due to the protein, the hydration water or both. Therefore, a combined interpretation of results from the different techniques is needed for a full understanding of this problem. In the present work we did try to contribute to this effort by evaluating the mean-square displacements of samples of H 2 O and D 2 O hydrated peptides and extracting the vibrational contribution to the heat capacity through calculation of C p values from the VDOS derived from neutron scattering.
The change in slope of the temperature dependence of hydrated protein's mean-square displacement around 220 K has been extensively studied, 9, 11, 13, 23, 24, 67, 68 as this transition is connected to protein function and vanishes in the absence of hydration. It has been proposed that the dynamical crossover around 220 K could be associated with a large scale structural change in hydrogen bond connectivity. 13, 28, 49 Further, Zanotti et al. 13 propose that the water rotational dynamics of interfacial water is the real source of entropy-driven protein dynamics. A MD study by Tarek and Tobias, 19 on the other hand, suggests that translational motion of water is necessary for the structural relaxation that permits anharmonic and diffuse motion in proteins. Recent simulations of hydrated lysozyme showed accordingly that whereas hydration water has diffusive-like translational motion, proteins exhibit only localized atomic fluctuations on the pico-to nano-second time scale. 69 The same conclusions were drawn from a neutron scattering study of D 2 O hydrated hydrogenated GFP (green fluorescent protein) and a H 2 O hydrated sample of fully deuterated GFP. 9 The values obtained for the proton mobility as a function of temperature for the two hydrated samples ( Fig. 1 and 2) show three temperature dependence regions, in accordance with previous studies. 9, 11, 13 For the nominally dry peptide we did not observe a break in the temperature trend of hu 2 i values up to B240 K, as expected ( Fig. 1, inset) . In the case of deuterium hydration, the increase in slope in the intermediate region reflects peptide dynamics. For proteins hydrated with heavy water, the increase in slope in the intermediate region has been assigned to the onset of methyl group rotation. 9 Russo et al. 70 refer to 50 K as the temperature of onset of methyl group dynamics and that two of their peptides (NALA and NAGMA) exhibit the same temperature dependence between 70 and 130 K, whereas NALMA shows a weaker temperature dependence, as a result of the presence of a hydrophobic side chain. In a study of lysozyme Roh et al. 11 observed the increase of a low-temperature anharmonicity around 100 K, irrespective of the hydration level. We should note that for our peptide 32% of non-exchangeable H-atoms are associated with CH 3 groups (5 of the 15 amino acid residues are lysine, and the peptide has 13 CH 3 groups), therefore this contribution must be significant. It is well known that methyl group dynamics varies widely, depending on conditions. We should stress that our peptide is a small peptide (15 aa) , that is relatively unstructured under the conditions studied here. Thus the methyl group dynamics are expected to be faster, as compared to larger proteins. 9, 11, 33 Therefore, it cannot be ruled out that we can observe it within our timescale, with the instrument and conditions used. It can be argued, indeed, that they might not be observed in the same temperature range as in a globular protein.
As we do observe the breaks as reported, we believe that it is the small size of the peptide and the absence of a marked secondary structure on the conditions used that allows us to see the methyl dynamics in approximately the same temperature range. Evidence for a continuity of relaxation processes in hydrated proteins has been provided by mechanical relaxation studies, shown to become active at temperatures as low as 155 K for lysozyme, 71 and they were regarded as a manifestation of glass-like relaxation behavior. These processes (secondary or b-relaxations) can be hard to detect by calorimetry, and are due to local rearrangements involving low energy barriers, such as methyl rotation in hydrated proteins or peptides. As for the higher temperature crossover, at temperatures above 220-230 K, it has been associated with large structural changes in hydrogen bond connectivity 13, 28, 33 and it is known that it does not show up in the absence of hydration. The departure of the mean square displacement of H-atoms, hu 2 i, from their low temperature harmonic behavior at certain crossover temperatures cannot be straightforwardly related to the glass transitions, because of the different time scales of the processes -pico seconds as compared to usual relaxation times on the 100 s time scale. Nevertheless they may well be the triggering mechanism for the actual glass transition, enabling barrier-crossing processes involved in the molecular rearrangements that come into the experimental window at the calorimetric T g . 72 The fact that we see this crossover i temperature dependence was observed up to 180-190 K for the H 2 O hydrated d-GFP, showing that the dynamics of hydration water remains essentially harmonic up to these temperatures, whereas the D 2 O hydrated h-GFP showed a clear change in slope already at B120 K, both in dry and hydrated states. Therefore, these authors conclude that the absence of anharmonic variation in the dynamics of hydration water up to 180 K indicates a complete decoupling of water and methyl group rotations. We would like to stress that we do not see these views as contradictory -in fact the results of Nickels et al. 9 led to the conclusion about the independence of water and methyl group rotations at low temperatures (below 180 K), whereas Zanotti et al. 13 provided evidence for the strong correlation between water dynamics and protein's slow, long range motion at temperatures above 220 K. The results obtained from adiabatic calorimetry showed that the glass transition of hydrated CA(1-7)M(2-9) are related to the presence of water in the samples, as it is not observed in the dry sample (h = 0.060). However, the question arises as to whether the glass transitions should be attributed to the motion of the water molecules alone or to the combined effect of CA(1-7)M(2-9) and water molecules. According to the water content dependence of the glass transition temperature, we can see that the T g is around 190 K for the samples with free water (h = 4.51 and 0.49), while it increases to 224 K when the water content decreases and the sample has no free water (h = 0.14). Since the samples with h = 4.51 and 0.49 have a constant amount of bound water (ca. 27 mol H 2 O/mol CA(1-7)M(2-9)), it follows that the glass transition temperature increases as the amount of the bound water decreases and does not seem to depend on the free water content. The recent work of Zhong et al. 15 also shows that there are two types of hydration water, those that reorient in the vicinity of a surface and those which are ordered, yet in dynamic interaction with the protein. Our results point in the same direction, as two types of water could be derived from the adiabatic calorimetry results and by neutron scattering we could see a strong correlation between water dynamics and protein's slow, long range motion at temperatures above 220 K, as discussed above. This latter effect can be explained as a plasticizing effect 73, 74 in the sense that the hydration water can enhance protein flexibility. Consequently, the glass transitions in the hydrated CA(1-7)M(2-9) samples can be attributed to immobilization of the cooperative dynamics of the conformations of the CA(1-7)M(2-9) molecules and the bound water molecules. The two hydrated samples (H 2 O and D 2 O) show harmonic behavior (i.e., vibrational) up to about 160 K, and above this temperature the heat capacity values derived from VDOS increased above the values expected if only harmonic contributions were present (see Fig. 3 ). Around 180 K a shift to higher C p values is observed, characteristic of a glass transition, occurring at a similar temperature to the T g detected by adiabatic calorimetry (see Fig. 7) for the same hydration level (T g = 184 and 189 K for the normally cooled and annealed samples, respectively, with h = 0.49). At B240 K the VDOS heat capacity increased exponentially, in a region where by calorimetry we see the onset of fusion of water, for the sample with the same hydration level (onset of temperature increase due to crystallization is B240 K and T fus = 265.0 K for the sample with h = 0.49, Fig. 4 and 7) . Again the two sets of results show agreement, as the onset of fusion of water should show as a huge increase in diffusive (translational/rotational) motion of the hydration water. Further, it is interesting to observe that after the phase transition (fusion) the VDOS derived heat capacities seem to level off to a position close to the retrieved baseline C p as observed by calorimetry after fusion is completed.
Angell et al. 75 suggested that the continuous change in slope of the vibrational entropies mean that there is an almost discontinuous change in vibrational heat capacity due to the unfreezing of the structure, and that this change must be as abrupt as the change in total heat capacity observed in calorimetry at T g . Further, in a sketch shown in the paper, the authors suggest that the vibrational contribution should be smaller than the total heat capacity. Our results show that we can indeed retrieve the change in heat capacity due to the glass transition from the C p values obtained from VDOS, and further that the vibrational contribution is smaller than the total heat capacity as measured by adiabatic calorimetry, in full agreement with the previous suggestion. In the analysis of heat capacity and entropy changes in processes involving proteins Sturtevant 18 stated the importance of the vibrational contribution to these thermodynamic properties. He estimated the vibrational contribution to the unfolding DC p of lysozyme at 273 K to be 8 or 10% of the total DC p , depending on the value assumed for the change in conformational entropy at the same temperature. This result parallels the suggestion of Angell et al. 75 of the vibrational contribution being just a small part of the total observed heat capacity. The present results show that (i) the vibrational contribution to the heat capacity is a part of, and smaller than, the total heat capacity that can be measured for peptides (and proteins); and that (ii) we can retrieve the change in C p at T g from the vibrational heat capacity, in full agreement with previous suggestions by Sturtevant 18 and Angell et al.
75
The fact that we can see a transition in the C p values derived from VDOS for both the H 2 O and D 2 O hydrated samples at temperatures close to the glass transition (T g ) derived from calorimetry seem to indicate that both the protein and its hydration water have a vibrational contribution to this phenomenon, i.e., the glass transition would result from the combined effect of the water dynamics (diffusive character) and the more localized protein dynamics. These two phenomena are most probably coupled in this temperature range, as discussed above in relation to hu 2 i behavior. Further, the glass-like transition is suppressed in our dry peptide sample (Fig. 4) , as has also been reported for dry proteins, 11, 26 indicating that the solvent molecules are involved with the activation of diffusive anharmonic motions.
Conclusion
The experiments discussed here represent an application of INS to an oligopeptide intermediate in size between small peptides and globular proteins. Our results demonstrate that neutron techniques can contribute valuable new information to peptide dynamics in a parameter domain that is not, or at least not easily, accessible by other techniques. Further, they show that the vibrational contribution to the heat capacity calculated from the INS data presents a temperature dependence similar to the one observed by adiabatic calorimetry, in particular allowing the detection of the glass transition in the same temperature range. Finally the results reiterate that both the peptide/protein and its hydration water (bound water) are involved in the crossover temperatures observed.
introducing her to Sturtevant's paper and the importance of vibrational contribution to the heat capacity of proteins.
